Abstract: An efficient lossless coding technique is very important for storage and transmission applications of error sensitive information such as medical, seismic and digital artistic data. In this study, the authors proposed an H.264-based advance video coding (H.264/AVC)-based hierarchical lossless coding method, where the input video will be firstly encoded by H.264/AVC coder with a quantisation parameter (QP) selector in the base layer and the coded error is encoded by a QP-adaptive Rice coder in the enhancement layer. To reduce encoding time, the QP selector can be simplified to select the nearly optimal QP. Simulation results show that the proposed hierarchical lossless coding architecture achieves better compression ratio than the traditional H.264/AVC-based lossless coding systems. Since the proposed system could provide both lossy and lossless coding services at the same time, the proposed lossless video coding system has advantages of efficiency and flexibility for practical applications. Experimental results show that the proposed coding system can provide less coding bits and reduce coding complexity compare with H.264-differential pulse code modulation.
Introduction
Lossless video and image coding is an important technique where we can efficiently compress valuable visual information without any loss while saving storage space and transmission bandwidth. This technique is useful for applications in, for example, medical, seismic and digital artistic information where the content cannot allow any distortions. Recently, H.264-based advance video coding (H.264/AVC) [1] [2] [3] , which can provide high compression ratio obtained about 50% bit-rate saving compared with the previous Motion Picture Expert Group video coding standards like MPEG-4 for lossy coding system. However, the lossless image and video coding systems are still demanded especially in error sensitive applications. Although the H.264/AVC is originally designed for lossy coding, it can also support lossless coding with slight modifications [4] [5] [6] [7] [8] [9] . Recently, an efficient lossless coding method has been added in the new version of the H.264/ AVC standard so-called fidelity range extensions (FREXT) [10] . The H.264/AVC lossless coding (H.264-LS) can be achieved when the transform and quantisation procedures are not processed. The residual data after inter and intra predictions are directly coded by entropy coder. In [11] , a pixel-by-pixel differential pulse code modulation (DPCM) of intra-prediction, called H.264-DPCM, has been used to enhance the lossless intra video coding performance. As a result, the investigation confirmed that the lossless intra coding efficiency of H.264-DPCM is better than that of lossless motion JPEG 2000 on average. In addition, Lee et al. [12] also proposed that the pixel-by-pixel DPCM concept which is proposed by Lee et al. [11] can be extended to all intra modes, whereas the interpolation processes should be used in some intra modes. From [13] , Din et al. proposed a hierarchical coding structure for H.264-based lossless image coding system. This image coding system has improved the compression ratio and supports both lossy and lossless images at same time. Wei et al. [14] proposed Hadamard transform in the coding loop, whereas the transformed coefficients are separated into quotient and remainder parts, which are coded with entropy coder and fixed-bit coder, individually.
In this paper, we propose an H.264/AVC-based hierarchical lossless coding system to maintain both compression efficiency and application flexibility. The proposed lossless video coding system is designed for a two-layer architecture, that is, base layer and enhancement layer. The base layer is the H.264/AVC coder with intra/ inter predictions, transform, quantisation and entropy coding steps. The enhancement layer is the modified quantisation parameter (QP)-adaptive Rice coder, which used to encode the residual error caused by the base layer. However, the base layer will produce fewer bits if we choose a larger QP, which results in more residual error and increases coding bits in the enhancement layer as shown in Fig. 1 . On the contrary, a smaller QP yields more coding bits in the base layer and fewer coding bits in the enhancement layer. The selection of QP becomes a dilemma problem. The exhaustive search of all QPs leads to unbearable high computational complexity. In other words, we need to find the optimal QP to minimise the total coding bits with reasonable computational complexity.
There were several rate estimation models [15, 16] proposed for simplifying the optimisation of H.264/AVC coder. Thus, the optimality of the rate estimation model for the proposed two-layer architecture is also needed. The rest of this paper is organised as follows. In Section 2, we briefly review the H.264/AVC-based lossless coding system. In Sections 3, the proposed H.264/AVC-based hierarchical lossless coding system and fast QP selection mechanism with rate estimation will be described, respectively. Finally, simulation results and conclusions are addressed in Sections 4 and 5, respectively.
H.264/AVC-based lossless coding system
A lossless coding technique has been proposed by H.264/ AVC in FRExt [10] . The encoding procedure is shown in Fig. 2 , where the integral DCT and quantisation procedures that were adopted in lossy H.264/AVC are skipped since those two procedures cause data loss because of rounding or shifting operations. Thus, the prediction errors from subtracting by intra/inter predictions are directly encoded by entropy coding. To improve the lossless coding efficiency of H.264/AVC, Lee et al. [11] proposed an efficient intra lossless coding system based on pixel-by-pixel DPCM method for H.264-LS. For example, for 4 × 4 intra prediction of H.264/AVC as shown in Fig. 3 , the residuals after Mode 0 prediction are shown as Mode 0:
where r i , j is the prediction residual between pixel P i , j , and intra predicted C i, j which is the coded pixel in surrounding coded blocks. Parameters i and j represent the position index (ith column, jth row) in the perdition block of Fig. 3 .
With pixel-by-pixel DPCM concept [11] , the prediction procedure for 4 × 4 luma blocks stated in (1) becomes
Mode 0:
In decoder [11] , the DPCM reconstruction can be expressed by
With DPCM intra prediction, it can improve the coding efficiency of lossless video compression. Unfortunately, this method also needs to skip the integral DCT and quantisation process, such that the compression ability of H.264-DPCM cannot be further improved. Without the transform process, the coding method cannot take the advantage of spatial data compaction. To solve this problem, Wei et al. [14] proposed a lossless video coding system that utilises Hadamard-transformed and adaptive truncation to replace integral DCT and quantisation. As shown in Fig. 4 , the transformed coefficients without quantisation are divided into quotient and remainder parts, where the former is directly coded by H.264 entropy coders since the energy compaction is provided by Hadamard-transform and the latter are coded by a structural fixed-bit coder. Since Hadamard-based lossless coding systems does not adopt the best energy compaction transform, that is, the DCT, and does not include the quantisation procedure, its compression ability cannot reach the optimum. Hence, we propose a lossless coding method that is based on H.264/AVC lossy coding. The details of the proposed coding architecture will be described in Section 3.
Proposed H.264/AVC-based hierarchical lossless coding system
In general, the transform and quantisation procedures, which would produce errors, cannot be directly used in lossless video/image coding. However, transform and quantisation procedures can greatly reduce the coding bits from the spatial redundancy. Thus, we propose a two-layer hierarchical lossless coding system by including H.264/ AVC in the base layer coder and adaptive-QP Rice coder in the enhancement layer for residual error coding to improve compression efficiency and application flexibility. Besides, the existing two-layer lossless video coder [13] does not consider the optimal rate problem. To explore the optimal quantisation and redesign the enhancement layer, the proposed two-layer lossless video/image coding system shown in Fig. 5 is composed of three major components: (i) H.264/AVC coder; (ii) QP-adaptive Rice coder; and (iii) QP selection mechanism in the proposed coding system. The detailed descriptions of these three components are addressed in the following subsections:
H.264/AVC coder
In the proposed lossless coding architecture, the base layer uses H.264/AVC lossy coder [1] to encode the input video. It is noted that the new video standard, said high efficient video coding (HEVC) [17] , can be easily applied in our proposed lossless video coder to further improve the coding efficiency if the rate estimator of HEVC coder can be properly developed.
QP-adaptive Rice code
In H.264/AVC lossy coder, context-based adaptive variable length coding (CAVLC) is the most commonly used entropy coder. It takes the advantage of high compression ratio and high coding efficiency. In [18] , it is mentioned that CAVLC is not appropriate for lossless coding because the coding procedure of CAVLC is not designed for residual errors, which are usually very random and do not have the energy ordering property as the DCT transformed coefficients. Generally, the residual errors after prediction are exponentially geometric distributions. In [19, 20] , the Golomb Rice Code could achieve optimal prefix codes. In [21] , the Rice code could achieve fast and efficient lossless image compression. After H.264/AVC lossy coding, we suggested that the residual errors in the enhancement layer be encoded by an adaptive Rice coder. However, the coding performance of Rice coder is better than that of the CAVLC in Section 4. In Rice coder, each residual error in the pixel level is expressed by where X o (i, j) and X r (i, j) represent the original pixel and the reconstructed pixel of H.264/AVC coder at the location (i, j), respectively. To encode E r (i, j) in Rice coder, we firstly separate it into the quotient and the remainder parts, which are, respectively, given by
and
where k is a non-negative integer. The length of Rice Code L (.) used to encode E r (i, j) can be expressed by
The coding bits of the residual error E r (i, j) are dependent on the selection of k. The larger k will exponentially reduce the bits in Q part but linearly increase the bits in R part. Thus, for finding an efficient Rice code to represent E r (i, j), k should be selected smartly. In this paper, we searched exhaustively to find out the optimal k for each E r as shown in Fig. 6 . To minimise (7), by treating k as a continuous variable and taking derivation, the optimal k could be expressed as
where a, b are the model parameters obtained by exhaustive search.
To save the coding bit for signaling k, we also propose μ that can be expressed by the recursive mean of its neighbouring pixels and the previous result to estimate m(p) =Ê r (i, j) as
where μ( p) denotes the pth iterative value of μ, α is the weighting factor that specifies the significance of μ( p − 1). In (9) , the average of the neighbouring known pixels of m (i, j) is suggested to be the average of three surrounding values as
With (9) and (10), the optimal k stated in (8) becomes
Since the residual error, E r (i, j) is generated by the base layer, H.264/AVC coder. 
and for the first column, we can use the similar way to find m (i, j). It is noted that the estimation stated in (9)- (11) and its special cases could be obtained in the encoder and the decoder because of the lossless coding of residual errors; the transmission of k is not necessary.
Fast QP selection mechanism
The H.264/AVC JM reference encoder adopts the rate-distortion optimisation (RDO) technique for mode-decision to achieve the best coding performance, where the RDO based on the Lagrange cost function depending on the quantisation parameter QP for RDO can be expressed as
where the distortion measure D SSD (QP) denotes the sum of squared difference of the current block and the reconstructed block, and R B (QP) is the actual number of coded bits resulting from the residual block after intra or inter prediction once QP is determined and Lagrange multiplier is a function of QP expressed by λ = 0.85 × 2 (QP − 12)/3 . For two-layer lossless coding systems, the distortion D SSD (QP), which is further encoded by enhancement layer, should be modelled into R E (QP), the bit rate of the enhancement layer.
With the two-layer coders, that is, H.264/AVC coder and QP-adaptive Rice coder at hands for lossless video coding, optimisation of the total coding bits (R T ) can be expressed as
where R B (QP) and R E (QP) represent the number of coding bits of the base and enhancement layers, respectively. It is noted that R T (QP), R B (QP) and R E (QP) are the functions of QP, for simplicity, we just state them as R T , R B and R E , respectively. Now, we need to find the best QP to achieve optimal coding, that is, minimum bit rate. If the optimal QP has been chosen, then the minimum R T could be achieved. From the optimal coding point of view, we can try all possible QP to find the optimal one by exhaustive searches. For a given QP, it is noted that the optimal rate distortion optimisation should be also performed for intra/inter mode decision and motion search in H.264/AVC coder. From Fig. 7 , we encode the test video with fixed QP among 15-30 for 100 frames for Foreman sequence. Different sequences will have their different optimal QP. Besides, QP should be determined in macroblock bases to achieve minimum total bit rate. To achieve efficient lossless coding, exhaustive search of all QPs requires a lot of computation. Without a properly selecting mechanism of QP, the proposed two-layer lossless coding architecture could not achieve optimal coding efficiency in reasonable low complexity. To solve this problem, we need to find a proper QP selection mechanism to reduce the computation of the hierarchical lossless coding system while keeping its optimality.
If we want to estimate the optimal QP, we need to predict the minimum R T without actually involving true coding procedure at first for each QP. Thus, we should pre-estimate the coding bits of R B and R E before true coding process.
Efficient bit-rate estimation of R B :
In the literature, bit-rate estimation models of H.264/AVC have been proposed. Especially, in [15] , and Liao et al. [16] , the estimated total number of coding bits of R B for inter and intra modes with a given QP can be, respectively, modelled aŝ
and (16) where N nz denotes the number of non-zero quantised transform coefficients, and N nzzr , N z and N to are the number of times of non-zero zero-run-length, the number of zeros and the number of trailing ones, respectively. In (15) and (16), a 1 to a 7 are the model parameters trained by using least-mean square (LMS) method and E QTC represents the l p -norm of the quantised transform coefficients as
where K(u, v) denotes the quantised coefficients. By using (15) and (16), the total number of coding bits of the base layer can be easily estimated. 
Efficient bit-rate estimation of R E :
From the simulation results shown in Figs. 8 and 9 , we can learn the relationship between R E and the distortion caused by quantisation process in the base layer. As simulation results, the estimated coding bits of R E can be modelled aŝ
where t and v are the experimental model parameters that are shown in Table 1 . From Tu et al. [15] , the transform domain distortion (TDD) of transform coefficients matrix Y and inverse transform coefficients matrixŶ of a 4 × 4 block can be expressed as
where T(.) denotes the integer transform of H.264/AVC, E f and C f are the post-scaling factor matrix and forward integer transform of H.264/AVC, respectively. In (18) , W, W′ and P are, respectively, the integer transform coefficients matrix 
From the experimental result of [15] , the TDD obtained by (19) is very close to the SDD, the distortion measure D MSE can be estimated by
Thus, we can rewrite the rate estimation stated (18) intô
where the model parameter is γ = (ω/16).
3.3.3
Optimal two-layer coding system with fast QP determination: In two-layer lossless coding system, the optimal coding procedure to achieve highest compression ratio is to perform the model selection, QP determination in Fig. 9 Relationship between R E and the distortion (IPPP frames) H.264 coder by rate-distortion optimisation and to select the coding parameter k of Rice coder simultaneously. To achieve the simplified optimisation, we firstly compute the DCT coefficients of residual for each coding mode. Instead of true quantisation and coding process for each QP, we estimate the coding bits and distortions by (15) , (16), (22) and (19) to estimate the minimum total coding bits of base and enhancement layers, where the estimate the coding bits of each coding mode of H.264 is stated in (15), (16) and its corresponding rate of the enhancement layer defined in (22) . In summary, the proposed optimal lossless coding system is designed to find the minimum total bits addressed in (14) to assure the best video compression ratio for lossless coding.
To design an efficiency hierarchical lossless coding system, we proposed a fast QP selection algorithm as Fig. 10 shows. From Fig. 10 , we firstly set the initial QP with the best QP selected by the previous MB. In the second step, we estimate the total coding bits by (15) , (16) and (22) in the base and enhancement layers. After roughly finding total coding bits, we search the estimated minimum coding bits among QP i − 3-QP i + 3 and choose the corresponding QP to use in current MB. Without performing true coding, the whole QP selection mechanism depicted in Fig. 10 only involves at either 3 or 5 estimation processes stated in (15) , (16) and (22) .
Simulation results
Experiments are performed on several test sequences with CIF (common intermediate format) resolutions in this section to verify coding performance of the proposed method. The proposed two-layer lossless coding system has implemented in H.264 reference software, JM15.1 [22] . The setting of coding parameters is shown in Table 2 . In simulations, we firstly compare the coding performance between Rice coder and CAVLC coder in the enhancement layer shown in Tables 3 and 4 . As we mentioned above, Heo and Ho [18] found that the CAVLC coder is not efficient for the residuals because of random and do not have the energy ordering property as integral DCT coefficients. The experimental results enlisted in Tables 3 and 4 show the total coding bits of CAVLC and Rice coders. The percentage of rate reduction is given as
where R Rice Coder and R CAVLC Coder are the number of coding bits of using Rice Coder and CAVLC methods to encode the enhancement layer, respectively. From Tables 3 and 4 , Rice coder has better coding performance compare with CAVLC coder about 15% bits saving in average. This result verifies that Rice coder is more efficient for the two-layer lossless video coding system than the CAVLC. Otherwise in Table 5 , we compare the coding performance of the setting with all I frames and IPPP sequences. The percentage of rate reduction is given as
where R H.264-DPCM-I and R H.264-DPCM are the number of coding bits of using the setting with all I frames and IPPP sequences, respectively. In Table 5 , the coding method that using all I frames has increase about 7% total coding bits than using IPPP sequences. With this result, the rest of simulations are performed with IPPP sequences. To verify the overall coding performance, the proposed lossless video coding system has compared with H.264/ AVC-DPCM [11] , hierarchical lossless coding method proposed in [13] and the state-of-the-art lossless coding method proposed in [14] . In simulations, the proposed hierarchical lossless coding method are conducted in two ways: One is the true optimal QP selection method, which is exhausted search QPs among 15-30 to find the minimal coding bits through RDO process. Another is the fast QP selection mechanism to predict coding bits under the estimated QP process described in Section 3.3. The experimental results are shown in Table 6 . We verify the performance by the percentage of rate differences with H.264-DPCM. With the result of Table 6 , the proposed method with optimal QP mechanism can provide the best coding performance about 8% bit-rates saving in average, and the proposed fast QP selection mechanism increases about 1% total coding bits than the proposed optimal QP method. Although the proposed optimal QP method has better compression ratio than fast QP selection method, but it is hard to use in real time coding. In the other hand, the proposed lossless coding method with fast QP selection mechanism not only suitably be used in real time coding but also provide lossy and lossless bit-stream at the same time.
Finally, we verify the coding complexity of proposed lossless coding system with fast QP selection mechanism in Table 7 . With the result, we can find that the coding complexity of proposed lossless coding method has decrease 2.23% coding time in average that compare with H.264-DPCM.
Conclusions
In this paper, we proposed an efficient lossless video coding system with two-layer coding architecture to provide lossless and lossy video at the same time. With the proposed system, the base layer is H.264/AVC coder that provides good lossy coding performance, and the enhancement layer is QP-adaptive Rice coder used to encode the error residual caused by the base layer. Finally, we can achieve the lossless video by combing the bit-streams from base and enhancement layers in proposed coding architecture. The experimental results showed that the proposed system has better compression ratio of about 8% bit saving than H.264-DPCM. To make the proposed coding method realisable for real time applications, we also proposed a fast QP selection mechanism that can narrow down the search complexity of the optimal QP during the coding procedure. From the experimental results, the proposed coding system with fast QP selection mechanism can provide about 7% bit rate saving and reduce 2.23% coding time of H.264-DPCM.
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